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Outline
Outline of a model of nu
lear DIS.Study of 
onsisten
y between di�erent measurements of nu
lear e�e
ts inDIS.DY data (E772 experiment) and nu
lear antiquarks.Data/Theory 
omparison for neutrino di�erential 
ross se
tions.

S.Kulagin (INR & UMass) Nu
lear DIS 2 / 21



Nu
lear DIS in Impulse ApproximationIn impulse approximation (IA) the major 
orre
tions are due to nu
leonmomentum distribution and its energy spe
trum. Assuming bound nu
leonmomentum and energy nonrelativisti
 we have:
FA
2 (x,Q2) =

∫

d4pPA(p)
(

1 +
pz
M

)

FN
2 (x′, Q2, p2),

x =
Q2

2Mq0
, x′ =

Q2

2p · q
≈

M x

p0 + pzBound nu
leon momentum and binding energy e�e
t is driven by nu
lear spe
tralfun
tion, whi
h des
ribes probability to �nd a bound nu
leon with momentum pand energy p0 =M + ε:
PA(p) =

∑

(A−1)n

|〈(A− 1)n,−p|ψ(0)|A〉|
2
δ(ε+ En(A− 1)− E0(A)).S.Kulagin (INR & UMass) Nu
lear DIS 3 / 21
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It is important to treat Fermi motion and nu
lear binding e�e
ts properly in IA.However, 
onsideration of only these e�e
ts is not enough for quantitativeundestanding of data. IA should be 
orre
ted for a number of other nu
lear e�e
ts.S.Kulagin (INR & UMass) Nu
lear DIS 4 / 21



Model vs. DataMotivation:Develop a model whi
h would a

ount for a major nu
lear e�e
ts:Realisti
 nu
lear spe
tral fun
tion with a mean-�eld and 
orrelation
ontributions.Nu
lear meson �eld 
ontribution (needed for 
onsisten
y).O�-shell 
orre
tion to bound nu
leon stru
ture fun
tion (re
all additionaldependen
e on p2 for virtual nu
leon).Nu
lear (anti)shadowing 
orre
tions due to multiple 
oherent intera
tion ofhadroni
 
omponent of intermediate boson.Proper treatment of isos
alar and isove
tor 
ontributions
FA
i = F

p/A
i + F

n/A
i + δπFi + δ
ohFi, i = T, L, 3Perform systemati
 studies of data and test the model.This program has been 
arried out and the main results were reported in S.K. &R.Petti, NPA765(2006)126; PRD76(2007)094023.S.Kulagin (INR & UMass) Nu
lear DIS 5 / 21



Data 
an be understood if we 
onsider o�-shell 
orre
tion (along with other
orre
tions)
FN
2 (x,Q2, p2) ≈ FN

2 (x,Q2)

(

1 + δf(x)
p2 −M2

M2

)The fun
tion δf assumed to be Q2 independent and its x dependen
e was treatedphenomenologi
ally:
δf(x) = CN (x − x0)(x − x1)(1 + x0 − x)The parameters CN , x0, x1 are 
ommon for all nu
lei, as by de�nition δf(x)des
ribes o�-shell 
ontinuation of a free nu
leon stru
ture fun
tion.The model leads to a very good agreement with data on nu
lear EMC e�e
t. The

x, Q2 and A dependen
ies of the EMC ratios are reprodu
ed for all studied nu
lei(4He to 208Pb) in a 4-parameter �t. For detailed dis
ussion and 
omparison withdata see S.K. & R.P., Nu
l. Phys. A765(2006)126. Quality of des
ription is illustrated inthe following Table.S.Kulagin (INR & UMass) Nu
lear DIS 6 / 21



Targets χ2/DOFNMC EMC E139 E140 BCDMS E665 HERMES
4He/2H 10.8/17 6.2/21
7Li/2H 28.6/17
9Be/2H 12.3/21
12C/2H 14.6/17 13.0/17
9Be/12C 5.3/15
12C/7Li 41.0/24
14N/2H 9.8/12
27Al/2H 14.8/21
27Al/12C 5.7/15
40Ca/2H 27.2/16 14.3/17
40Ca/7Li 35.6/24
40Ca/12C 31.8/24 1.0/5
56Fe/2H 18.4/23 4.5/8 14.8/10
56Fe/12C 10.3/15
63Cu/2H 7.8/10
84Kr/2H 4.9/12
108Ag/2H 14.9/17
119Sn/12C 94.9/161
197Au/2H 18.2/21 2.4/1
207Pb/2H 5.0/5
207Pb/12C 6.1/15 0.2/5Values of χ2/DOF between di�erent data sets with Q2 ≥ 1 GeV2 and the predi
tions of KP modelNPA765(2006)126; PRC82(2010)054614. The sum over all data results in χ2/DOF = 466.6/586.S.Kulagin (INR & UMass) Nu
lear DIS 7 / 21



Consisten
y of di�erent experiments
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Shapes of all nu
lear 
ross-se
tionratios are 
onsistentEvaluate χ2 for ea
h pair ofexperiments in 
oarse x-bins within theoverlap region of the data setsConsistent overall normalization forSLAC E139, NMC and HERMES datasetsThe new JLab E03-103 data issystemati
ally above previousmeasurements resulting in a
χ2/d.o.f. = 42.7/12 with respe
t toSLAC E139 data on the same targetsAn overall normalization fa
tor 0.98 forall JLab E03-103 points improves thestatisti
al 
onsisten
y with SLAC E139data to χ2/d.o.f. = 8.8/12S.Kulagin (INR & UMass) Nu
lear DIS 8 / 21



Predi
tions for E03-103
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Apply overall normalization fa
tor 0.98to JLab data on 4He/D, 9Be/D and
12C/DVery good agreement of ourpredi
tions with JLab E03-103 for allnu
lear targets: χ2/d.o.f. = 26.3/60for W 2 > 2 GeV2 (for more details seeSK and RP, arXiv:1004.3062 [hep-ph℄)Note that this is not a �t. Nu
lear
orre
tions at large x is driven bynu
lear spe
tral fun
tion, the o�-shellfun
tion δf(x) was �xed from previousstudies.A 
omparison with the ImpulseApproximation demonstrates that theo�-shell 
orre
tion is 
ru
ial todes
ribe the data leading to bothmodi�
ation of the slope and positionof the minimum of the EMC ratios.S.Kulagin (INR & UMass) Nu
lear DIS 9 / 21



Predi
tions for HERMES
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A good agreement of our predi
tionswith HERMES data for 14N/D and
84Kr/D with χ2/d.o.f. = 14.7/24A 
omparison with NMC data for
12C/D shows a signi�
ant Q2dependen
e at small x in theshadowing region related to the
ross-se
tion for s
attering of hadroni
states o� the bound nu
leons nu
leons.The model 
orre
tly des
ribes theobserved x and Q2 dependen
e.

S.Kulagin (INR & UMass) Nu
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The 3
He/D and D/p data and F n

2 /F
p
2The 3He/D data allows extra
tion of Fn

2 /F
p
2 . Comparison of Fn

2 /F
p
2extra
ted from D/p and 3He/D data provides a 
onsisten
y test.

D/p ratio. If we know R2 = FD
2 /(F

p
2 + Fn

2 ) then we 
an extra
t Fn
2 /F

p
2 :

Fn
2 /F

p
2 = 2R(D/p)/R2 − 1

3He/D ratio. In order to extra
t Fn
2 /F

p
2 we need to know both R2 and

R3 = F 3He
2 /(2F p

2 + Fn
2 ):

Fn
2 /F

p
2 = (2− z)/(z − 1), with z = 3

2R(3He/D)R2/R3
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R2 and R3 were
al
ulated at thevalues of x and Q2 ofE03-103 kinemati
sfor x > 0.3 and at�xed Q2 = 3 GeV2 for
x < 0.3.The Paris wavefun
tion was used forthe deuteron, whilethe Hannover spe
tralfun
tion was used for
3He.

R2 and R3 are similar. A dip at x ∼ 0.7 is somewhat bigger for R3 be
ause ofstronger binding in 3He.Nu
lear e�e
ts 
an
el at x ≈ 0.35, whi
h is 
onsistent with the measurement ofEMC e�e
t in other nu
lei.S.Kulagin (INR & UMass) Nu
lear DIS 12 / 21



Extra
tion of F n
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p
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 Alekhin08

 SLAC E139 model

Extra
tion of Fn
2 /F p

2with the full treatmentof nu
lear e�e
t (fullsymbols) and also withno nu
lear e�e
ts(R2 = R3 = 1, opensymbols).
Signi�
ant mismat
h in Fn

2 /F
p
2 extra
ted from di�erent experiments. At

x ∼ 0.35, where nu
lear 
orre
tions are negligible, the Fn
2 /F

p
2 from E03-103is 15% higher than that from NMC.Normalization of Fn

2 /F
p
2 is dire
tly related to normalization of 3He/D.Requiring Fn

2 /F
p
2 from E03-103 mat
h NMC, we obtain a renormalizationfa
tor of 1.03+0.006

−0.008 for 3He/D data.S.Kulagin (INR & UMass) Nu
lear DIS 13 / 21



3
He/D from HERMES and E03-103 experiments
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To 
orre
t for protonex
ess, HERMES appliesthe fa
tor
Cis =

AFN
2

ZF p
2 +NFn

2with Fn
2 /F p

2 from NMC.The E03-103 experimentdoes it di�erently,however 
orre
tionfa
tors are known.An unbiased way would be to 
ompare un
orre
ted data, or 
orre
ted in a similarway. However, HERMES exa
t 
orre
tion fa
tors are lost. We un
orre
t E03-103data and then apply Cis together with the fa
tor 1.03.After renormalization, E03-103 and HERMES data agree at the overlap (x = 0.35).Our 
al
ulation agree with both data (ex
ept the region x > 0.8).S.Kulagin (INR & UMass) Nu
lear DIS 14 / 21



Drell�Yan nu
lear data Drell-Yan produ
tion of a lepton pair inhadron 
ollisions:
d2σ

dxBdxT
=
4πα2

9Q2
K

∑

a

e2a
[

qBa (xB)q̄
T
a (xT )

+ q̄Ba (xB)q
T
a (xT )

]

xTxB =Q2/s,

xB − xT =2qL/
√
s = xFSele
ting small Q2/s and large xF we probethe target's sea. In E772 experiment

s = 1600 GeV2. At xF = xB − xT > 0.2 thepro
ess is dominated by qB q̄T annihillation.The ratio of DY yields:
σDYA

σDYB

≈ q̄A(xT )

q̄B(xT )S.Kulagin (INR & UMass) Nu
lear DIS 15 / 21



Nu
lear sea and valen
e quark distributionsNu
lear 
orre
tions for antiquark distribution δRsea = δq̄A/q̄N follow dire
tly fromnu
lear 
orre
tions for C-even q + q̄ and C-odd q − q̄ = qval 
ombinations δR(+) and
δR(−):

δRsea = δR(+) +
qval/N(x)

2q̄N (x)

(

δR(+) − δR(−)
)

δRval = δR(−) at Q2 = 20 GeV2
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Note a remarkable 
an
ellation between pion and shadowing e�e
ts for nu
lear antiquarkdistribution for large x ∼ 0.1− 0.3.S.Kulagin (INR & UMass) Nu
lear DIS 16 / 21



Comparison with Drell-Yan data
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Cal
ulations are in reasonable agreement with data on DY ratios. Note that themass of dimuon pair was not exa
tly known from E772 data and 
al
ulation wasdone for a �xed Q2 = 20 GeV2.The 
an
ellation from shadowing allows to re
on
ile nu
lear pion ex
ess with DYdata.S.Kulagin (INR & UMass) Nu
lear DIS 17 / 21



Neutrino 
ross se
tions(Anti)neutrino di�erential 
ross se
tions in terms of Bjorken x and inelasti
ity y:
d2σ

(ν,ν̄)
CC

dxdy
=

G2
FME

π(1 +Q2/M2
W )2

[

Y+F
ν,ν̄
2 − y2xF ν,ν̄

L ± Y−xF
ν,ν̄
3

]

,

Y+ =
1

2

[

1 + (1− y)2
]

+
M2x2y2

Q2
, Y− =

1

2

[

1− (1− y)2
]

.Re
ently published 
ross-se
tion data:NuTeV data on 56Fe:about 1400ν + 1200ν̄ data points for
35 < E < 340 GeV, 0.015 < x < 0.75,
0.05 < y < 0.95. CHORUS data on 208Pb:about 600ν + 600ν̄ data points for

25 < E < 170 GeV, 0.02 < x < 0.65,
0.1 < y < 0.8.S.Kulagin (INR & UMass) Nu
lear DIS 18 / 21



Data/Theory pulls for 
ross se
tions
 Neutrino
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tions by S.K. and R.Petti, NPA 765 (2006) 126; PRD 76 (2007) 094023. The
x-point is the weighted average over available E and y. The solid horizontal linesindi
ate a ±2.5% band.S.Kulagin (INR & UMass) Nu
lear DIS 19 / 21



χ2 analysis (not a FIT)No. of data points χ2/d.o.f.Cut Neutrino Antineutrino Neutrino AntineutrinoNuTeV (Fe)No 
ut 1423 1195 1.36 1.10
x > 0.015 1324 1100 1.15 1.08
x < 0.55 738 671 1.16 1.02
0.015 < x < 0.55 686 620 0.97 1.01CHORUS (Pb)No 
ut 607 607 0.68 0.84
x > 0.02 550 546 0.55 0.83
x < 0.55 506 507 0.74 0.83
0.02 < x < 0.55 449 447 0.60 0.83Good agreement with CHORUS di�erential 
ross se
tion data for 208Pb in thewhole kinemati
al range.Good agreement with NuTeV 
ross se
tions for 56Fe for 0.015 < x < 0.55.Ex
ess of data/theory for NuTeV 
ross se
tions at large x > 0.5 for both ν and ν̄.This is not supported by CHORUS(Pb) (and also NOMAD(Fe) data � Roberto Petti,private 
ommuni
ation).Ex
ess of data over theory for both, NuTeV and CHORUS data at small x(0.015 − 0.025) (also supported by preliminary NOMAD(Fe) data � Roberto Petti,private 
ommuni
ation).S.Kulagin (INR & UMass) Nu
lear DIS 20 / 21



Summary
A detailed model of nu
lear DIS was developed and tested in appli
ations to
harged-lepton and neutrino DIS.Data-to-data analysis was performed that allows to spot possible issues innormalization of re
ent JLab measurements of nu
lear ratios.An interesting 
an
ellation was found between shadowing and nu
lear pion
orre
tion in antiquark distributions. This observation was dis
ussed in 
ontext ofthe E772 DY experiment.A detailed Data/Theory 
omparison was performed for neutrino di�erential 
rossse
tions from the NuTeV and CHORUS experiments.
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